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ABSTRACT

Tyranno SA (SiC-polycrystalline fiber, Ube Industries Ltd.) shows excellent heat-resistance up to 2000oC with relatively high

mechanical strength. This fiber is produced by the conversion process from a raw material (amorphous Si-Al-C-O fiber) into SiC-

polycrystalline fiber at very high temperatures over 1500oC in argon. In this conversion process, the degradation reaction of the

amorphous Si-Al-C-O fiber accompanied by a release of CO gas for obtaining a stoichiometric composition and the subsequent

sintering of the degraded fiber proceed. Furthermore, vaporization of gaseous SiO, phase transformation and active diffusion of

the components of the Si-Al-C-O fiber competitively occur. Of these changes, vaporization of the gaseous SiO during the conver-

sion process results in an abnormal SiC-grain growth and also leads to the non-stoichiometric composition. However, using a

modified Si-Al-C-O fiber with an oxygen-rich surface, vaporization of the gaseous SiO was effectively prevented, and then conse-

quently a nearly stoichiometric SiC composition could be obtained.
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1. Introduction

p to now, lots of inorganic fibers have been developed

and commercialized. Of these, SiC fibers show rela-

tively good mechanical strengths up to very high tempera-

tures over 1000oC.1-4) Accordingly, active research and

development on various composite materials using the SiC

fibers have been conducted.5-7) The first developed SiC-based

fibers have been produced in the middle 1960s by chemical

vapor deposition onto tungsten or carbon filament core.

However, as these types of SiC-based fiber had a large

diameter, their applications were limited by their difficul-

ties for use. After that, SiC-based fibers with small diame-

ters of about 10 micron meters were synthesized from

organo-silicon polymer. This type of fiber was classified into

a polymer-derived SiC fiber. The first polymer-derived SiC

fiber was synthesized from polycarbosilane by Professor

Yajima in the middle 1970s.8) After that, many types of poly-

mer-derived SiC fibers have been developed and commer-

cialized.3,4) These SiC fibers can show good mechanical

strength and oxidation-resistance up to very high tempera-

tures over 1000oC. Of these SiC fibers, stoichiometric SiC-

polycrystalline fibers (Tyranno SA, Hi-Nicalon Type S, and

so on) have an excellent heat-resistance up to 2000oC.9-11)

Therefore, representative aircraft engine manufacturers are

expecting actual applications of the SiC-polycrystalline

fibers for jet engines and land-based gas turbines in the

near future as the SiC/SiC composite materials. By the way,

the mechanical properties of the composite materials are

dominated by the fiber’s strength. Hence, to extend the

application field, increase in the mechanical strengths of

these fibers is eagerly required. And also, the mechanical

strength of the fiber has been found to be strongly domi-

nated by defects contained in each fiber filament.1) Actually,

existence of some defects (residual carbon, and so on) has

been confirmed.12,13) Accordingly, to increase the fiber’s

strength, it’s very important to decrease the residual defects

during the production process. Tyranno SA (produced by

Ube Industries, Ltd.) is synthesized by a conversion process

from an amorphous Si-Al-C-O fiber into SiC-polycrystalline

fiber.9) In this conversion process, a degradation reaction of

the amorphous Si-Al-C-O fiber and the subsequent sinter-

ing of the degraded fiber proceed. The degradation reaction

is sensitively affected by the following factors: (a) SiO-gas

partial pressure, (b) CO-gas partial pressure, (c) Heating

rate and degradation temperature, (d) Argon gas flow.

Accordingly, to obtain the desirable crystalline structure,

we have to strictly control the reaction conditions during the

conversion process. In this paper, lots of changes, which

occur during the degradation reaction of the amorphous Si-

Al-C-O fiber and the subsequent sintering of the degraded

fiber, will be described in detail, and also a new idea for

obtaining the denser structure will appear.
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2. Experimental Procedure

2.1. Basic production process of SiC-polycrystalline

fiber (Tyranno SA)

Tyranno SA is manufactured by further heat-treatment of

the amorphous Si-Al-C-O fiber, which is synthesized from

polyaluminocarbosilane, and has been commercialized by

Ube Industries Ltd. The basic production process is shown

in Fig. 1.

The precursor polymer for preparing Tyranno SA was a

polyaluminocarbosilane synthesized by a reaction of poly-

carbosilane with tetra-butoxyaluminum at 300oC in nitro-

gen atmosphere. A spun fiber was obtained by melt-

spinning of the polyaluminocarbosilane, and then the spun

fiber was cured at around 200oC in air. The cured fiber was

fired at around 1300oC in nitrogen atmosphere to obtain the

amorphous Si-Al-C-O fiber. The Si-Al-C-O fiber was com-

posed of SiC fine crystals, oxide phases (estimated forms:

SiO
2
, AlO

x
), and excess carbons as can be seen from Fig. 1.

By the way, as mentioned above, for preparing the Si-Al-C-

O fiber we used polyaluminocarbosilane which was synthe-

sized by the reaction of polycarbosilane and tetra-butoxy-

aluminum, and then we estimated that the aluminum

existed as some oxide forms in the Si-Al-C-O fiber. In the

next step, the amorphous Si-Al-C-O fiber was heat-treated

up to around 1500oC in argon gas atmosphere. During the

heat-treatment, by the existence of the oxide phase and

excess carbon in the fiber, the amorphous Si-Al-C-O fiber

was degraded accompanied by the release of CO gas to

obtain a porous degraded fiber. The porous degraded fiber

was composed of a nearly stoichiometric SiC composition

containing small amount of aluminum. In this case, since a

part of the aluminum contained in the amorphous Si-Al-C-O

fiber might be disappeared as some oxide materials during

the heat-treatment process, consequently the very small

amount of aluminum (less than 1 wt%) was contained in the

degraded fiber. By the existence of the small amount of alu-

minum, at the next step, an effective sintering proceeded in

each degraded filament composed of the nearly stoichiomet-

ric SiC crystals during further heat-treatment up to 2000oC

in argon atmosphere. And then, the dense SiC-polycrystal-

line fiber (Tyranno SA) was obtained.

2.2. Research on the heating condition and charac-

terization of the fibers

Research on the heat-treatment (degradation reaction and

sintering) of the Si-Al-C-O fiber was performed using

“Super High Temperature Inert Gas Furnace (NEWTO-

NIAN Pascal-40, Produced by NAGANO)” under argon gas

flow (1 L/min). The size of the heating zone (made of graph-

ite and C/C composites) is 35 mm in diameter and 40mm in

height. The programing rate and the maximum tempera-

ture were 400oC/min and 2000oC, respectively. 

The surface and cross section of the obtained fibers were

observed using a field emission scanning electron micro-

scope (FE-SEM), model JSM-700F (JEOL, Ltd.). Parts of

surface region and inside of the several samples were sharp-

ened by an etching machine using focused ion beam (FIB),

and then the fine structures were observed by the transmis-

sion electron microscope (TEM), model JEM-2100F (JEOL,

Ltd.).

Auger electron spectroscopy (AES) depth profiles of Si, Al,

C, and O were obtained using an ULVAC PHI SMART-200

operating at 3 kV.

3. Results and Discussion

3.1. Possible changes during the degradation and

sintering processes

 As mentioned before, SiC-polycrystalline fiber (Tyranno

SA) was synthesized by a conversion process from an amor-

phous Si-Al-C-O fiber into the SiC-polycrystalline fiber at

very high temperatures up to 2000oC in argon atmosphere.

As can be seen from Fig. 2, the Si-Al-C-O fiber was com-

posed of oxide phases (estimated forms: SiO
2
, AlO

x
), SiC fine

crystals, and excess carbons. As long as both oxide phase

Fig. 1. Basic production process of the SiC-polycrystalline fiber (Tyranno SA).
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and excess carbon exist, the following reaction proceeds at

temperatures over 1522oC. 

SiO
2
 + 3C = SiC + 2CO(g) (ΔG < 0 over 1522oC)

In this case, the behavior of gaseous SiO generated from

the oxide phase has to be also considered. That is to say, the

partial pressure of the SiO gas remarkably appears over

1100oC. And also, as the SiO gas shows very high reactivity

with carbon, the following reaction easily proceeds. 

SiO(g) + 2C = SiC + CO(g) 

(ΔG < 0 at all temperature ranges)

Both reactions are actually degradation reactions of the

amorphous Si-Al-C-O fiber. However, as can be seen from

these equations, these degradation reactions are very

important for obtaining a nearly stoichiometric SiC compo-

sition. Furthermore, as the degraded fiber contains small

amount of aluminum, the SiC crystals constructing the

degraded fiber show a solid-phase sintering ability to obtain

a densified structure at higher temperatures.9) These possi-

ble changes are summarized in Fig. 3. As shown in Fig. 3,

these temperature-regions can be divided into four zones. 

Of these four zones, in the first zone (~ 1450oC), a vapor

pressure of SiO gas remarkably appears over 1100oC as can

be seen from Fig. 4. And also, this gaseous SiO reacts with

the excess carbon contained in each Si-Al-C-O filament

accompanied by the release of CO gas. These changes can be

understood from the calculation results shown in Fig. 4.

Furthermore, in this case, we have to consider a vaporiza-

tion of this gaseous SiO from each Si-Al-C-O filament.

Because, consequently it leads to increase in the residual

carbon after the degradation reaction. The image of these

changes is schematically shown in Fig. 5. 

In the second zone (1450oC~1522oC), the vapor pressure of

gaseous SiO is remarkably increased. And also, in this tem-

perature region, the diffusion rate of the excess carbon con-

tained in each Si-Al-C-O filament is increased. Accordingly,

unless we strictly control these phenomena, undesirable

reaction between the SiO gas and the diffused excess carbon

proceed on the surface region. These are undesirable

changes. Because, by these undesirable changes an abnor-

mal SiC-grain growth occurs on the surface region. This is

Fig. 2. Schematic fine structure of the Si-Al-C-O fiber.

Fig. 3. Possible changes during the heat-treatment process
up to 2000oC.

Fig. 4. Changes in the components during the heat-treat-
ment process.

Fig. 5. Schematic changes in the first temperature zone.
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closely related to the surface roughness of the obtained SiC-

polycrystalline fiber. So, we have to strictly control these

changes. 

In the third zone (1522oC ~ 1650oC), the desirable main

reaction (SiO
2

+ 3C = SiC + 2CO) effectively proceeds accom-

panied by the release of CO gas. This reaction can lead to

the stoichiometric SiC composition. However, in this zone,

the following undesirable changes possibly occur. That is to

say, the active diffusion of the excess carbon, vaporization of

SiO gas, and the reaction of the SiO gas with the excess car-

bon on the surface region competitively occur. In this tem-

perature zone, to obtain the nearly stoichiometric SiC

composition, we have to strictly control the aforementioned

undesirable changes. 

And finally, in the fourth zone (> 1650oC), each SiC crystal

constructing the degraded fiber shows sintering phenome-

non in each filament by the existence of the small amount of

aluminum in each SiC crystal as a solid solution. And then,

a dense structure was obtained. As we described in the pre-

vious paper,9) at the SiC grain boundary constructing the

SiC-polycrystalline fiber, an obvious second phase could not

be observed. 

By the way, as I mentioned before, the production process

of SiC-polycrystalline fiber contains lots of heat-treatment

processes accompanied by the release of gaseous materials

like CO gas and SiO gas. So, this type of fiber easily remains

lots of defects as shown in Fig. 6. These defects possibly

dominate the strength of the obtained SiC-polycrystalline

fiber. Accordingly, in order to obtain the higher strength,

especially, we have to strictly control the aforementioned

degradation process and the sintering process.

In the above mentioned temperature zones, the first zone

(~ 1450oC) is very important for the SiC nucleation by the

reaction of gaseous SiO with excess carbons. To achieve the

effective nucleation, we have to effectively prevent the

vaporization (disappearance) of SiO gas from each filament.

Furthermore, the vaporization of SiO gas possibly occur in

the second zone and the third zone, too. Accordingly, it is

very important to prevent the disappearance of the gaseous

SiO from each filament during the degradation process. In

the next section, we would like to propose a new idea to

reduce the disappearance of gaseous SiO from each fila-

ment.

3.2. A new proposal for obtaining the denser struc-

ture

As mentioned before, to prevent an abnormal SiC-grain

growth and to reduce a residual carbon, we have to prevent

the disappearance of gaseous SiO from each filament during

the degradation process. To achieve this, we would like to

propose a very easy approach. Fig. 7 shows our new process

using a modified Si-Al-C-O fiber containing oxygen-rich sur-

face region. This modified Si-Al-C-O fiber was prepared by a

partial oxidation process. Fig. 8 shows auger electron spec-

troscopy (AES) depth profiles of Si, Al, C, and O of the modi-

fied intermediate fiber. As can be seen from this figure,

relatively large amount of oxygen exists in the surface

region. And also, this surface region (~50 nm) was composed

of mainly silicon and oxygen with very small amount of car-

Fig. 6. Image of the residual defects in the present SiC-poly-
crystalline fiber.

Fig. 7. One of the new approach using a modified Si-Al-C-O
fiber containing oxygen-rich surface region.

Fig. 8. Auger electron spectroscopy (AES) depth profiles of
Si, Al, C, and O of the modified intermediate fiber.
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bon. That is to say, it was estimated that the surface layer of

the modified Si-Al-C-O fiber existed as some oxide forms of

silicon. Accordingly, it was considered that the oxygen-rich

surface layer was relatively stable compared with the inside

Si-O-C structure, and also this surface layer played an

important role as a good supplier of SiO gas during the ini-

tial degradation processes. By the use of this type of modified

Si-Al-C-O fiber, we could remarkably prevent the disappear-

ance of SiO gas from the inside of each filament during the

degradation reaction, and then the remarkably denser

structure could be obtained as can be seen from Fig. 9.

4. Conclusions

In order to produce desirable dense structure of SiC-poly-

crystalline fiber, we have to strictly control the degradation

and sintering processes using an amorphous Si-Al-C-O fiber

as a starting material. Of these, the degradation process

(< 1650oC) was classified into three zones (I zone: <1450oC,

II zone: 1450~1522oC, III zone: 1522 ~ 1650oC). The subse-

quent sintering process (> 1650oC) was classified into IV

zone. During degradation process of the amorphous Si-Al-C-

O fiber, several changes proceeded stepwise and simultane-

ously from I zone to III zone. Of these changes, the control of

a behavior of gaseous SiO formed from the oxide phase

existing in the Si-Al-C-O fiber was most important. By the

use of modified Si-Al-C-O fiber with oxygen-rich surface

region, much denser structure could be obtained.
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